Introduction {#sec1}
============

Organic semiconductors have great potential in novel electronic applications because of the endless possibilities to create new materials that can be processed in large scale at low cost. The major bottleneck for developing high-performance organic electronics is the compromise between increasing charge carrier mobility while maintaining good processability, ideally in nontoxic solvents. Enhancing the solubility of small molecules generally comes at the expense of the structural integrity and thermal stability of the resulting film.^[@ref1]−[@ref4]^

Conjugated liquid crystals (LCs) offer many advantages in this regard. LCs are associated with low molecular weights, high chemical purity and molecular self-assembly resulting in highly ordered thin films.^[@ref5],[@ref6]^ Disc-like (discotic)^[@ref7]−[@ref10]^ LCs form ordered one-dimensional columns with excellent π -- π stacking; however, carrier transport is limited by structural defects in the one-dimensional, columnar structures. Rod-like (calamitic) LCs, on the other hand, form two-dimensional ordered layered films.^[@ref5]^ Carrier transport is more robust against structural defects in calamitic LC films^[@ref11]^ than in discotic LC films, however, overlap between the π orbitals of neighboring molecules is also more limited.^[@ref7]^ Carrier mobility can be optimized in calamitic LC films by slowly cooling the film through progressively ordered smectic phases^[@ref12]−[@ref14]^ to optimize π--π stacking and reduce structural defects in the film. Recently, field effect mobility values exceeding 10 cm^2^ V^−1^ s^−1^) were demonstrated with LC films exhibiting a highly ordered smectic E phase.^[@ref4]^

Although discotic LCs and conducting polymer LCs^[@ref15]^ have been investigated in optoelectronic applications,^[@ref16],[@ref17]^ few studies have focused on small molecule LC dyes.^[@ref18]^ In this study, we synthesized the novel calamitic LC dye 4,7-bis\[5-(2-fluoro-4-pentyl-phenyl)-2-thienyl\]-2,1,3-benzothiadiazole (**FPPTB**). FPPTB combines the advantages of good chemical purity, tunable absorption and emission properties for optoelectronic applications, and flexible processability. We exploit the molecular ordering properties of FPPTB to fabricate crystalline organic thin films. Studies of the structural, optical and electrical properties of the films reveal increased π--π interactions in the nematic phase and isotropic melt that persist after cooling of the films into the crystalline phase. These interactions are observed to be correlated with the good thermal stability and high carrier mobility values observed in annealed FPPTB films.

Results and Discussion {#sec2}
======================

Structure and Properties of FPPTB {#sec2.1}
---------------------------------

[Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a shows the molecular structure of FPPTB. The calculated highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) are −5.35 and −2.85 eV, respectively, yielding an optical band gap of FPPTB 2.50 eV (496 nm). From the geometry of the HOMO and LUMO orbitals, we observe that the hole wave function is delocalized over the conjugated backbone while the electron wave function is localized on the benzothiadiazole acceptor unit.

![(a) molecular structure and the calculated highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of FPPTB; (b) triclinic lattice of FPPTB showing 9 unit cells depicted in the (100) direction; (c) four nearest molecular pairs in the crystal.](am-2016-147154_0001){#fig1}

From X-ray diffraction (XRD) patterns taken from single crystals of FPPTB, the unit cell was determined to be triclinic with the lattice parameters *a* = 4.85 Å, *b* = 15.96 Å, *c* = 21.35 Å and α = 69.86°, β = 85.97°, and γ = 86.59°. Details of the synthesis and XRD analysis can be found in the [Experimental Section](#sec4){ref-type="other"}. The simulated and experimentally measured powder XRD patterns can be found in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.6b14715/suppl_file/am6b14715_si_001.pdf). The crystal structure in the (100) direction is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b and the relative positions of the four nearest neighbors in the FPPTB crystal are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c.

Electronic transport in organic semiconductors is commonly described using Marcus theory,^[@ref19]^ which predicts the electron transfer rate *k*~et~ between molecules A and B according towhere λ is the reorganization energy, *J* is the transfer integral, *h* is Planck's constant, *k* is Boltzmann's constant, and *T* is temperature. The electron transfer rate *k*~et~ is determined by molecular reorganization energy (λ) upon charge transfer as well as the overlap of electronic orbitals between neighboring molecules (*J*). The transfer integral *J*, in turn, is determined by intermolecular distance and orientation as well as variations in molecular conformation.^[@ref20]^ We calculated the transfer integrals for holes (*J*+) and electrons (*J*−) for the molecular pairs in the FPPTB crystal. The results are summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Values for the Transfer Integral J for Electrons (*J*−) and Holes (*J*+) for the Four Nearest Pairs in the FPPTB Crystal

           *J*+ (meV)   *J*-- (meV)
  -------- ------------ -------------
  pair 1   65           35
  pair 2   8            11
  pair 3   2            69
  pair 4   1            7

FPPTB exhibits good solubility in common organic solvents, such as chloroform, chlorobenzene, dioxane, toluene, and THF. We obtained the best reproducibility for film processing in THF. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} shows the absorption (black line) and emission spectra (red and blue lines) of FPPTB in dilute THF solution. The absorption spectrum exhibits two peaks, and the molar extinction coefficient of FPPTB was found to be 40 000 M^--1^ cm^--1^ at 345 nm and 29 000 M^--1^ cm^--1^ at 491 nm. The maximum at 491 nm agrees with the calculated optical bandgap of FPPTB of 496 nm. The emission spectrum is red-shifted with respect to the absorption spectrum and centered at 610 nm. We did not observe any dependence of the fluorescence spectra on excitation wavelength, and emission spectra taken for excitation at 350 and 480 nm are shown.

![Absorption spectrum (black line) and emission spectra taken at excitation wavelengths of 350 nm (red line) and 480 nm (blue line) of FPPTB in solution (THF).](am-2016-147154_0002){#fig2}

The phase transition temperatures (and enthalpies) of FPPTB were determined with differential Scanning Calorimetry (DSC) and found to be crystalline → nematic 149.0 °C (7000 cal/mol), nematic → isotropic 229.7 °C (200 cal/mol).

Molecular Packing in FPPTB Films {#sec2.2}
--------------------------------

We studied the temperature-dependent molecular packing of FPPTB thin films to determine the influence of intermolecular interactions and molecular interactions with the substrate^[@ref21]^ on the phase transition temperatures and film structure. Normalized XRD patterns taken from a FPPTB film during heating and cooling are depicted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, b, respectively. The temperature of the sample was changed at a rate of 30 °C/min for both heating and cooling cycles. As-spun FPPTB films demonstrate a weak peak at 2θ = 2.72, which corresponds to a lattice spacing of 32.5 Å. This value is consistent with the length of the FPPTB molecule. This indicates that although FPPTB is crystalline at room temperature, spin-casting FPPTB films does not enable film formation consistent with the packing structure shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. Instead, as-spun films demonstrate head-to-head molecular stacking. When the film is heated to 70 °C, an additional peak at 2θ = 4.14 (lattice spacing of 21.3 Å) is observed. At 100 °C a prominent peak at 2θ = 3.77 (lattice spacing of 23.46 Å) emerges, whereas the intensity of the peak at 4.14 (lattice spacing of 21.3 Å) decreases and the peak at 2θ = 2.72 disappears. At 140 °C, the peak at 2θ = 3.77 (lattice spacing of 23.46 Å) is the most prominent, and a second weaker peak at 2θ = 7.54 is observed. This peak, hardly visible in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, is shown in higher magnification in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. This pair of peaks is consistent with the (001) and (002) planes ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b) (see the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.6b14715/suppl_file/am6b14715_si_001.pdf)). This indicates the formation of highly ordered FPPTB molecular layers oriented parallel to the substrate, with the *c*-axis of the unit cell oriented perpendicular to the substrate at temperatures between 100 and 140 °C. At 155 °C, we do not observe any peaks associated with crystalline structure, indicating the film is in the nematic phase at this temperature.

![In situ XRD patterns of an FPPTB film taken during (a) heating and (b) cooling.](am-2016-147154_0003){#fig3}

![(a) Normalized XRD patterns of as-spun FPPTB (black), and FPPTB films annealed at 140 °C (blue), 165 °C (green), and 250 °C (wine); (b) zoom into the (002) reflection of the XRD patterns of FPPTB films annealed at 140 °C (blue), 165 °C (green), and 250 °C (wine).](am-2016-147154_0004){#fig4}

During the cooling cycle, no peaks associated with the crystal structure are observed in spectra taken between 250 and 140 °C ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). This indicates that the film is still in the nematic phase at 140 °C during cooling. Peaks associated with the crystal structure first emerge in spectra taken at 100 and 70 °C, but with reduced relative intensity compared to the heating cycle.

We next investigated the effect of cooling from the different phases (crystalline, nematic and isotropic) on molecular packing in FPPTB films at room temperature. As-spun FPPTB films (crystalline phase), and FPPTB films annealed at 140 °C (just below the transition from the crystalline phase to the nematic phase), 165 °C (nematic phase) and 250 °C (isotropic melt) were prepared and the FPPTB films were characterized after cooling to room temperature (crystalline phase). [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a shows the normalized XRD patterns of an as-spun FPPTB film (black) and FPPTB films annealed at 140 °C (blue), 165 °C (green), and 250 °C (wine). The spectrum from the as-spun film is consistent with the spectrum of the as-spun film in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, and demonstrates signatures of head to head stacking of FPPTB molecules. Annealed FPPTB films, on the other hand, yield XRD peaks consistent with molecular crystal packing depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, and we observe the 2θ peaks corresponding to the (001) and (002) crystal planes. FPPTB films annealed at 140 °C demonstrate the most prominent and narrow peaks. In contrast, FPPTB annealed at 165 °C (nematic phase) and 250 °C (isotropic melt) show a slight shift in the peaks, and the (001) peak shifts from 2θ = 3.77 to 2θ = 3.74, corresponding to a slight increase in the lattice spacing from 23.46 to 23.59 Å. In addition the relative intensity of both the (001) and (002) peaks decreases, and the peaks broaden. This effect is illustrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b shows the zoom in of the XRD pattern centered on the (002) peak. Shifting of molecules in the unit cell relative to nearest neighbors induces variations in local order (resulting in peak broadening) as well as a change in the dimensions of the unit cell (resulting in peak shifting).

Polarized optical microscopy images of the FPPTB films as-spun as well as those annealed at 140, 165, and 250 °C are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a--d, respectively. All of the films are crystalline and the size of the crystal domains increases with annealing temperature.

![Polarized optical microscopy images of (a) as-spun FPPTB and FPPTB films annealed at (b) 140, (c) 165, and (d) 250 °C.](am-2016-147154_0005){#fig5}

Obtaining crystalline films with LC materials generally requires cooling through ordered smectic phases to avoid grain boundaries, cracking and droplet formation due to dewetting.^[@ref4],[@ref13]^ Despite the lack of a smectic phase for FPPTB, we observe excellent film coverage ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) and structural integrity even for films that were cooled from the isotropic melt. We attribute this to increased short-range intermolecular interactions in the nematic phase and isotropic melt. This leads to asymmetric heating and cooling behavior; the transition between the nematic and crystalline phase occurs at lower temperatures during film cooling than film heating. During cooling, the intermolecular interactions promote local molecular displacement in the crystal packing, as evidenced by broadening and shifting of the (001) and (002) signatures ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). As a result, slow cooling from the nematic phase (165 °C) and the isotropic melt (250 °C) promotes the formation of large domains with local structural defects in the molecular packing structure, compared to FPPTB films annealed in the crystalline phase (140 °C).

The difference in the temperature of the transition from crystalline → nematic during heating, and nematic → crystalline during cooling is advantageous for realizing thermally stable organic films for device applications.^[@ref4]^ FPPTB films can be deposited and processed in a wide temperature window, allowing for more flexibility in film fabrication. At the same time, FPPTB film structure and integrity is maintained at elevated operating temperatures (up to 140 °C).

Optical Properties {#sec2.3}
------------------

Emission spectra of as-spun FPPTB films (black squares) and FPPTB films annealed at 100 °C (red triangles), 140 °C (blue circles), 165 °C (green stars) and 250 °C (wine crosses) are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a. We observe that emission yield is highest in FPPTB films with ordered packing structure (140 and 100 °C), intermediate in FPPTB films which exhibit variations in local molecular packing (165 and 250 °C), and lowest in FPPTB films with reduced long-range order (as-spun).

![(a) Emission spectra of as-spun FPPTB films (black squares) and FPPTB films annealed at 100 °C (red triangles), 140 °C (blue circles), 165 °C (green stars), and 250 °C (wine crosses). (b) Normalized emission spectra from the FPPTB films fit with three Gaussian distributions, denoted as the I, high energy; II, intermediate energy; and III, low energy contributions, respectively.](am-2016-147154_0006){#fig6}

To gain more insight into the role of molecular packing on the emission line shape we investigated the normalized spectra ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). We observe that emission line shape is dependent on annealing conditions, although films annealed at 165 °C (nematic) and 250 °C (isotropic) exhibit identical spectral form when normalized.

Gas-to-crystal shifts in the optical spectra of crystalline organic films are determined by variations in packing structure as well as localized, site-dependent interactions, which can lead to distinct features in the spectra.^[@ref22]^ We fit the emission spectra from the FPPTB films as a combination of three Gaussian distributions, which we denote as the I, high energy; II, intermediate energy; and III, low energy contribution, respectively. We used this simple model to fit all the spectra, and the peak position of the Gaussian distributions were free fitting parameters. We found that the peak positions of the three distributions are nearly identical for all samples, and that the relative intensity of each distribution determined the spectral line shape.

The high energy feature I is centered at 605 nm for the as-spun FPPTB film and broadens and shifts to 615 nm for all the annealed films. The intensity is highest in FPPTB films annealed in the crystalline phase (100 and 140 °C), lower in FPPTB annealed at in the nematic phase (165 °C) and isotropic melt (250 °C) and lowest in as-spun FPPTB films. The peak position of this feature is slightly red-shifted from the monomer emission in solution (600 nm), and we attribute this feature to monomer-like emission from molecules in bulk FPPTB crystallites. Quenching of emission from this feature is consistent with reduced long-range crystal order (as-spun FPPTB) as well as local changes in FPPTB packing (FPPTB annealed at 165 and 250 °C).

The intermediate energy feature II is centered at 653 nm, and we do not observe a change in peak position with annealing. The intensity is lowest and the distribution is the broadest in the PL spectrum from the as-spun film. The width of this distribution is identical for the annealed FPPTB films, and the relative intensity varies only slightly between the PL spectra taken from these samples. We attribute this feature to coupling between molecular pairs in bulk FPPTB crystallites ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, c).

Finally we consider the low energy feature III. The relative intensity and peak position of this feature show the most dependence on annealing conditions of all three features. The relative intensity is the highest for the as-spun FPPTB film (695 nm) and lowest for the FPPTB film annealed at 140 °C (684 nm). The increase in peak intensity and width, as well as the red-shifting of peak position of the Gaussian feature directly correlate with reduced long-range molecular order in the films. For this reason, we tentatively attribute changes in this feature to variations in short-range coupling between molecular pairs in the FPPTB crystal.

Electrical Properties {#sec2.4}
---------------------

The geometry of the FPPTB HOMO ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) indicates that the hole wave function is delocalized over the conjugated backbone and hole transport occurs via π--π overlap between neighboring molecules. FPPTB forms stacked layers running perpendicular to the substrate, and transport is limited by charge transfer between layers. The geometry of the LUMO, on the other hand, indicates that electron transfer is determined primarily by alignment of the benzoldithiazole acceptor units between molecular pairs. Shifts in molecular pairs can increase lateral electron mobility along the (100) and (010) direction. For carrier transport in FPPTB diodes, however, changes in molecular placement along the direction of transport, i.e., along the *c*-axis, are most relevant. For this reason, we focus on studying hole transport in FPPTB. "Hole only" diodes were prepared according to the details in the [Experimental Section](#sec4){ref-type="other"}.

The current density--voltage (*JV*) characteristics are shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} for diodes prepared with as-spun FPPTB films (black squares) and FPPTB films annealed at 140 °C (blue circles), 100 °C (red triangles), 165 °C (green stars), and 250 °C (wine crosses). The current density of annealed FPPTB is higher than in as-spun FPPTB films, and current density increases with increasing annealing temperature. Diodes prepared with FPPTB films annealed at 100 and 140 °C demonstrate very similar *JV* characteristics, whereas FPPTB annealed at 250 °C has the highest current density of all samples.

![Current density--voltage (*JV*) characteristics for diodes prepared with as-spun FPPTB films (black squares) and FPPTB films annealed at 140 °C (blue circles), 100 °C (red triangles), 165 °C (green stars), and 250 °C (wine crosses).](am-2016-147154_0007){#fig7}

We performed impedance spectroscopy in order to understand the electrical properties of FPPTB in more detail. In particular we investigated how annealing influences film resistance and dispersive transport phenomena. Liquid crystalline semiconductors generally demonstrate narrow energetic distributions for electronic transport with reduced trapping and limited or no dispersive transport.^[@ref11]^ Structural and chemical defects, however, cause dispersive carrier transport^[@ref23]^ manifested as voltage-dependent mobility values.^[@ref9]^

The Nyquist plots (−*Z*″ versus *Z*′) from the impedance data taken over a frequency range between 1 MHz and 10 Hz are shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a. The experimental (symbols) data were taken at a DC offset of 0 V and fit with an equivalent circuit model (lines). The impedance values are much higher for diodes prepared with as-spun FPPTB films, so for clarity, [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a shows all the data, whereas [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b depicts a zoom-in of the impedance data from the diodes prepared with annealed films (100 °C -- red triangles, 140 °C, blue circles; 165 °C, green stars; and 250 °C, wine crosses). We applied a simple equivalent circuit to model the data, consisting of a series resistance (*R*~s~) and a resistor (*R*~p~) in parallel with a constant phase element (CPE). The equivalent circuit diagram is shown in the inset of [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}a. *R*~s~ is determined by the contact resistance of the device, and is therefore frequency-independent and comparable between samples. The values of the *R*~p~**--**CPE element are determined by the electrical properties of the FPPTB film. Details about the equivalent circuit model, and the corrrelation between *R*~p~ and carrier mobility in the FPPTB films are given in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsami.6b14715/suppl_file/am6b14715_si_001.pdf).

![(a) Nyquist plots (−*Z*″ versus *Z*′) from the impedance data taken over a frequency range between 1 MHz and 10 Hz). (b) Zoom-in of the impedance data from the diodes prepared with annealed films (100 °C, red triangles; 140 °C −, blue circles; 165 °C, green stars; and 250 °C, wine crosses).](am-2016-147154_0008){#fig8}

CPE values depend on the frequency-dependent capacitance of the film. Specifically, the CPE accounts for nonidealities in the device capacitance, i.e., dispersive transport. The impedance of the CPE is given bywhere *Q*~o~ is the impedance of the CPE at low frequency (1 rad/s), and n is a dimensionless parameter between 0 and 1. If *n* = 1, the CPE reduces to an ideal capacitor and if *n* = 0, the CPE reduces to an ideal resistor. The values of the circuit elements, along with the annealing temperatures for each sample, are summarized in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. We note that the value of n for all of the samples was between 0.98 (as-spun FPPTB) and 0.99 (annealed FPPTB) indicating nearly ideal capacitive behavior, and negligible dispersive transport, independent of annealing conditions. The capacitive value of the CPE element (taken at ω = 1 rad/s) varies slightly between the samples, from 3.46 to 5.84 nF, and no trend with annealing is observed. The most significant difference between the electrical properties of the FPPTB films is the decrease in *R*~p~ with annealing temperature, from 25 400 Ω (as-spun FPPTB) to 188 Ω (FPPTB annealed at 250 °C). The decrease in FPPTB film resistance with annealing temperature is consistent with the increase in crystal domain size observed in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, i.e., the decrease in grain boundaries in the film.

###### Values for Circuit Elements (*R*~s~, *R* and *Q*~o~) dor Diodes Prepared with FPPTB Which Was Not Annealed, and Annealed at 100, 140, 165,and 250 °C

  Annealing Temperature (°C)   *R*~S~ (Ω)   *R* (Ω)   *Q*~o~ At Ω = 1 Rad/S (Nf)   *N*
  ---------------------------- ------------ --------- ---------------------------- ------
  As-Spun                      21.7         25400     3.46                         0.98
  100                          19.7         2072      4.48                         0.99
  140                          23.2         1910      3.38                         0.99
  165                          25.9         1094      3.34                         0.99
  250                          19.7         188       5.84                         0.99

[Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a shows the Bode plots for −*Z*″ versus f spectra for the samples. The charge carrier mobility μ can be determined from these data according to^[@ref24]−[@ref26]^where *d* is the film thickness, *V*~DC~ is the applied DC voltage offset, *f*~o~ is the peak frequency of the −*Z*″ vs *f* spectra, and κ is a numerical factor that relates the time constant τ~c~ from the frequency-dependent data to the DC transit time of charge τ~DC~. The value of κ is not clearly defined in the literature; however, Tsang et al.^[@ref25]^ demonstrated that for organic materials with low dispersion τ~DC~ = 0.56τ~c~.

![(a) Bode plots for −*Z*″ versus *f* spectra for the samples of FPPTB with annealed films (100 °C, red triangles; 140 °C, blue circles; 165 °C, green stars; and 250 °C, wine crosses) and (b) carrier mobility in FPPTB versus annealing temperature.](am-2016-147154_0009){#fig9}

The hole mobility values versus annealing temperature are shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}b. Carrier mobility increases over 2 orders of magnitude from μ = (2.2 ± 0.4) × 10^--5^ cm^2^ V^--1^ s^--1^ in as spun films to μ = (5.0 ± 0.8) × 10^--3^ cm^2^ V^--1^ s^--1^ in films annealed at 250 °C. We observe no voltage dependence in the carrier mobility, consistent with nondispersive transport.

We consider the increase in carrier mobility with annealing temperature in terms of the interplay between long-range crystalline order and short-range π- π interactions in FPPTB films. We observe that crystal domain size in FPPTB films ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a--d) increases with annealing temperature, corresponding to a decrease in the density of grain boundaries in the film. This is consistent with a decrease in FPPTB film resistance *R*~p~ and an increase in carrier mobility.^[@ref27],[@ref28]^ However, annealing FPPTB at higher temperatures also induces local variations in molecular packing. This is evidenced by slight increase in the unit cell along the (001) plane and increased emission quenching in films annealed in the nematic phase and isotropic melt.

Local shifts in molecular position will influence the overlap of the electronic wave function between molecular pairs, and therefore the electron transfer rate.^[@ref20],[@ref29]^ In particular, changes in intermolecular distances in the crystal packing structure that are mediated by short-range π--π interactions may lead to smaller intermolecular distances and increased electron transfer rates. Relative slipping of molecules in the (100) and (010) planes, corresponding to increased π--π interactions between molecular pairs 2**--**4, would promote increased two-dimensional hole transfer through the films.^[@ref29],[@ref30]^ This is consistent with the increase in carrier mobility that we observe when cooling FPPTB films from the nematic phase and isotropic melt, which in turn is correlated with a decreased density of grain boundaries in the films.

Conclusions {#sec3}
===========

We investigated the novel calamitic LC dye FPPTB. FPPTB is easily processed from solution and forms crystalline films at temperatures below 149 °C, exhibtis a nematic phase at temperatures between 149 and 230 °C, and is isotropic at temperatures above 230 °C. XRD and luminescence data revealed that annealing FPPTB films at temperatures just below the crystalline → nematic transition (140 °C) yielded films with the best crystalline order. Cooling FPPTB films from the nematic phase and isotropic melt led to decreased density of grain boundaries in the films. However, evidence of local structural defects in the crystal packing were observed in the XRD patterns and emission spectra from these films, and was attributed to increased short-range coupling between molecular pairs at higher temperatures which persisted upon cooling the films to the crystalline phase. Carrier mobility was observed to increase over 2 orders of magnitude with annealing, from μ = (2.2 ± 0.4) × 10^--5^ cm^2^ V^--1^ s^--1^ in as-spun FPPTB films to μ = (5.0 ± 0.8) × 10^--3^ cm^2^ V^--1^ s^--1^ in FPPTB films cooled from the isotropic melt. The resultant correlation between charge carrier mobility and annealing is explained by an interplay between long- and short-range order interactions in these three-dimensional structures. These results demonstrate that for LCs such as FPPTB, judicious choice of processing conditions can be used to tune electronic parameters for targeted device design.

Experimental Section {#sec4}
====================

FPPTB Synthesis {#sec4.1}
---------------

The reaction was conducted under nitrogen atmosphere. The intermediates **2**([@ref31]) and **3**([@ref32]) were prepared as described in the literature.

### **1** (**FPPTB**) {#sec4.1.1}

A solution of **2** (1.80 g, 3.93 mmol), **3** (1.73 g, 8.25 mmol), and Aliquat 336 (0.50 g, 1.24 mmol) in a mixture of toluene (60 mL) and 2 M aqueous Na~2~CO~3~ (15.7 mL, 31.4 mmol) was carefully degassed and then treated with tris(dibenzylideneacetone)dipalladium(0) (36 mg) and tris(*o*-tolyl)phosphine (48 mg). The mixture was refluxed for 18 h. After cooling, the organic phase was separated, and the aqueous layer extracted with 100 mL of toluene. The combined organic phases were dried with Na~2~SO~4~ and filtered with toluene over a short silicagel column. The red product fractions were evaporated to dryness. The crude product (1.9 g) was dissolved in hot toluene (25 mL), filtered, and crystallized at 8 °C to furnish **1** (1.7 g, 69%; 99.6% purity by HPLC) as red crystals (see [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}).

![Synthesis of **1**\
cat. \[Pd~2~(dba)~3~\], cat. (*o-*tolyl)~3~P, 0.3 equiv. of Aliquat 336, toluene, 2 M aqu. Na~2~CO~3~; reflux, 18 h (69%).](am-2016-147154_0010){#sch1}

^1^H NMR (500 MHz, CDCl~3~, 303 K): δ = 8.11 (dd, *J* = 4.0, 0.8, 2H), 7.87 (s, 2H), 7.62 (t, *J* = 8.1, 2H), 7.52 (dd, *J* = 3.9, 1.2, 2H), 7.01 (s, 2H), 7.03--6.96 (m, 2H), 2.66--2.59 (m, 4H), 1.70--1.60 (m, 4H), 1.41--1.29 (m, 8H), 0.95--0.88 (m, 6H); ^13^C NMR (75 MHz, CDCl~3~, 303 K): δ = 157.47, 152.64, 144.94, 144.83, 138.87, 128.28, 128.24, 126.83, 126.74, 125.79, 125.42, 124.58, 124.53, 119.24, 116.27, 115.98, 77.17, 35.40, 31.37, 30.65, 22.47, 13.95; ^19^F NMR (282 Hz, CDCl~3~, 300 K): δ = −113.86 (dd, J = 12.4, 8.1, 2F); MS (EI, 70 eV): *m*/*z* (%) = 628 (100)\[M^+^\], 571 (20), 514 (15), 315 (5), 257 (17).

FPPTB Crystal Analysis {#sec4.2}
----------------------

X-ray diffraction was performed on FPPTB single crystals (0.70 × 0.06 × 0.04 mm^3^). The unit cell is triclinic with space group *P*1̅, *a* = 4.8509(4) Å, *b* = 15.9558(8) Å, *c* = 21.3521(11) Å, α = 69.857(5)°, β = 85.974(6)°, γ = 86.590(5)°, *V* = 1546.64(16) Å^3^, Z = 2, ρ~calcd~ = 1.350 g cm^--3^, linear absorption coefficient μ = 2.523 mm^--1^, λ = 1.54178 Å, *T* = 298 K, ω scans, 13464 reflections collected (−5 ≤ *h* ≤ 5; −18 ≤ *k* ≤ 16; −24 ≤ *l* ≤ 24), 4787 independent (*R*~int~ = 0.0607), 390 refined parameters, *R* = 0.0505, ω*R*^2^ = 0.1802, max. residual electron density 0.882 (−0.492) *e* Å^--3^. CCDC-1515128 contains the supplementary crystallographic data which can be obtained free of charge via the Internet ([www.ccdc.cam.ac.uk/conts/retrieving.html](www.ccdc.cam.ac.uk/conts/retrieving.html)) or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: + 44 (1223) 336--033, E-mail: <deposit@ccdc.cam.ac.uk>.

Calculations of Molecular Orbitals and Energies {#sec4.3}
-----------------------------------------------

### Density Functional Theory Calculations Were Performed Using *Gaussian 09, Revision C.01* {#sec4.3.1}

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, Jr., J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam, M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski, D. J. Fox, Gaussian, Inc., Wallingford CT, 2010. The minimum geometries were optimized on the B3LYP/6-31G(d) level of theory, and were verified to have only positive eigenfrequencies. The closest pairs were cut from the X-ray crystal structure using Mercury 3.6 and GausView for Windows, and their orbital energies were calculated on the B3LYP/6-311+G(d,p) level of theory.

FPPTB Film Fabrication {#sec4.4}
----------------------

All FPPTB films in these studies were prepared from a tetrahydrofuran (THF) solution with a concentration of 20 mg/mL and left stirring overnight. All processing of FPPTB was performed in an inert N~2~ environment. The solutions were spin-cast onto glass substrates coated with indium tin oxide (ITO). The resulting film thickness was 250 ± 5 nm (Veeco DEKTAK 6M, Stylus Profiler equipped with a camera). The ITO glass was purchased from PGO. Substrates were precleaned with detergent and then successively cleaned in an ultrasonic bath for 10 min using acetone, 2-propanol, deionized water and ethanol. After being dried under nitrogen flow, samples were treated with an ozone cleaner for 15 min. FPPTB films were annealed at the temperatures detailed in the paper. Annealed samples were cooled at a rate of 5--10 °C/min.

FPPTB Characterization {#sec4.5}
----------------------

Optical UV--visible absorption spectra were recorded using a Cary 500 UV--visible spectrometer. Emission spectra were taken with a Fluorolog from Horiba (Jobin Yvon).

Polarized optical microscopy images were recorded with an Olympus U-CMAD3 microscope equipped with an Olympus TH3, BX60 power unit.

XRD measurements were performed with a solid anode X-ray tube from a X'Pert Pro PANalytical X-rays diffractometer, equipped with an high temperature chamber linked to a temperature controller unit TCU 1000N Anton Paar. For in situ XRD measurements, the sample was kept under an argon flow. The temperature of the sample was changed at a rate of 30 °C/min for both heating and cooling cycles.

FPPTB Diode Fabrication and Characterization {#sec4.6}
--------------------------------------------

For the electrical measurements, hole-only devices with the following architecture were prepared: ITO/PEDOT:PSS/FPPTB/MoO~3~/Ag. ITO substrates were patterned and etched in hydrochloric acid before cleaning. PEDOT:PSS was cast on the substrates in ambient conditions at 3500 r.p.m. for 30 s (spin coater model WS-650M7--23NPPB). Subsequently samples were transferred into a N~2~-filled glovebox and baked at 140 °C for 15 min on a hot plate (model ETL 7420). FPPTB was then spin-cast on the substrates and annealed according to the details in the main text. MoO3 (8 nm) and Ag (100 nm) were deposited sequentially inside an evaporation chamber at a pressure of 1 × 10^--7^ mbar. The active area of the diodes was 0.12 cm^2^. Electrical measurements were performed in the glovebox inside a dark Faraday cage. Current--voltage measurements were performed with a Keithley 2400 source meter and LabView software. Impedance spectroscopy was performed with a Metrohm-Autolab electrochemical setup (PGSTAT302N) equipped with a FRA32 M module.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsami.6b14715](http://pubs.acs.org/doi/abs/10.1021/acsami.6b14715).Simulated and experimentally measured powder XRD spectra, description of impedance model and discussion of the physical meaning of circuit elements ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsami.6b14715/suppl_file/am6b14715_si_001.pdf))
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